The primary cell walls of graminaceous monocots were known to have a low content of pectin compared to those of dicots, but it was uncertain how widespread this feature was within the monocots as a whole. Nonlignified cell walls were therefore prepared from 33 monocot species for determination of their pectin content. It was not possible to solubilize intact pectins quantitatively from the cell walls, and the pectin content was assessed from three criteria: the total uronic acid content; the content of a-(1,4')-D-galacturonan isolated by partial hydrolysis and characterized by electrophoresis and degradation by purified polygalacturonase; and the proportion of neutral residues in a representative pectic fraction solubilized by sequential fl-elimination and N,N,N'N'-cyclohexanediaminetetraacetic acid extraction. Low galacturonan contents were restricted to species from the Gramineae, Cyperaceae, Juncaceae, and Restionaceae. Other species related to these had intermediate galacturonan contents, and the remainder of the monocots examined had high galacturonan contents comparable with those of dicots. The other criteria of pectin content showed the same pattern.
The primary cell walls of the Gramineae (Poaceae) are quite different from those of dicots and gymnosperms. They contain little pectic material, and their main hemicelluloses are arabinoxylans (21) . In fact, their composition is more like that of the secondary cell walls of woody dicots, although with little or no lignin and with differences in the detailed structure and chain packing of the polysaccharides.
Formerly, all monocots were presumed to have primary cell walls like those of the Gramineae, few other species having been examined. There is now a growing realization that some species in the Liliflorae and certain other monocot groups contain pectic polysaccharides in the quantities expected of dicots (10, 13, 18, 24, 26) . Their hemicelluloses have been less investigated, but onion (Allium cepa) cell walls contain much xyloglucan (18, 26) . There is not enough information to decide whether this type of primary cell wall, or the graminaceous type, is normal within the monocots as a whole.
The question has acquired a new significance with the recognition that the pectic component of dicot cell walls is one of a number of factors (9, 23, 25) mediating the binding of Agrobacterium tumefaciens to susceptible plant cells; that binding is a prerequsite for infection and T-DNA transfer in vivo (9, 17) ; and that the lower pectic content ofgraminaceous cell walls may well be responsible for the lack of Agrobacterium binding observed under suitable assay conditions (25) and may contribute to the ' Present Address: West of Scotland Agricultural College, Auchincruive, Ayr, Scotland.
difficulty -of gene transfer into cereals with this vector. Chlorophytum, Narcissus, and Asparagus (all Liliflorae) have been successfully transformed using Agrobacterium (11, 12) . The nongraminaceous monocots also include numerous species of economic importance, many ofthem tropical, whose transformation would be potentially useful. In most cases their primary cell wall structure is unknown.
We have therefore prepared nonlignified (largely primary) cell walls from a wide range of monocotyledonous species, graminaceous and otherwise. Here we report their pectic content.
The pectic content of cell walls is easy to determine if the pectic substances are defined operationally as, for example, polysaccharides extractable in ammonium oxalate. Such definitions are unsatisfactory, however, for the conventional pectin extractants normally leave some polysaccharides insoluble that are structurally very much like those extracted (15, 26) . We prefer to define the pectic substances as polysaccharides based on an a-(1,4')-D-galacturonan core, which may have rhamnose residues interspersed and neutral side chains attached. Pectic substances as defined in this way are difficult to quantify in practice, unless the entire polysaccharide structure of the cell wall is quantitatively characterized, because the available hydrolytic methods for determining the total galacturonic acid content, either colorimetrically or after reduction of the uronide carboxyl group, give no indication ofthe quantity of side chain residues attached. The colorimetric methods also leave it uncertain how the galacturonic acid residues themselves are linked together. These problems were particularly troublesome in the present study since pectins of unusual composition, not conforming to the usual galacturonan/RGI/RGII pattern (21), had already been isolated from monocots (10, 24) , and few assumptions could safely be made about the nature of the neutral portions, and also because some ofthe graminaceous cell walls could be expected to contain galacturonic and glucuronic acid in small and perhaps comparable quantities. To (Table I) . Plant material was brought fresh to the laboratory, cleaned, sorted, and stored frozen. Nomenclature follows Clapham et al (5) and Usher (28) for species, and Dahlgren and Clifford (7) for families.
Polygalacturonase. Purified Lycopersicon esculentum PG2 endo-polygalacturonase (4.5 units/mL) was kindly provided by Dr. G. Tucker (27) . One unit liberates 1 gmol reducing groups/ min from polygalacturonic acid at 30°C.
Standard Galacturonan. Citrus a-( 1 ,4')-D-galacturonan (Sigma; polygalacturonic acid) was suspended in water, neutralized with KOH to allow dissolution, and dialyzed. It was nonesterified, gave a single band of high mobility on electrophoresis, and contained 3% of neutral residues.
Cell Wall Preparation (20) . Frozen plant material (generally 40-100 g; with <40 g, volumes were reduced in proportion) was homogenized for 90 s in a Waring blender with 200 mL of 5 g/ L sodium deoxycholate, 200 g of ice, 100 mL of water, and 2 mL of octanol or decahydronaphthalene. The slurry was transferred to stacked 0.85-mm and 0.15-mm sieves and washed extensively with water at 0°C. The 0.15-to 0.85-mm fraction was washed with 400 to 600 mL of chloroform-methanol (1:1 v:v) and 300 mL of dichloromethane and was air-dried at 30°C (yield 4-40 mg/g fresh weight). Water-soluble polymers were precipitated from the initial extract with ethanol (3 volumes) and redissolved in water for uronic acid estimation, giving <0.6% of the cell wall weight except for Lemna gibba (1.3%), Musa sapientum (2.0%), Phoenix dactylifera (6.8%), and Sparganium erectum (1.2%). In these cases, the water-soluble uronic acid was assumed to be pectic and was added to the total. Contamination by lignified cell walls was estimated visually by phloroglucinolHCl staining and was less than 5% except in Iris pseudacorus (about 10%).
Extraction of Pectic Polysaccharides. From preliminary trials with a number of cold Ca2+-chelating agents (15, 26) , 50 mM CDTA2/0.3 N KOH emerged as the most efficient. Cell walls (4 mg/mL) were extracted for 16 h at 21 C on a rotary shaker, and the filtrate was neutralized to pH 6.8 with acetic acid. (The KOH concentration quoted includes what is required to neutralize the CDTA, initally in the free acid form.) This extractant was intended to minimize cleavage of glycosidic bonds; at a given alkaline pH, high temperatures favor ,8-elimination of esterified galacturonans and low temperatures favor de-esterification, after which ,3-elimination is not possible (1) . However, the residues still contained substantial quantities of uronic acid as assessed by IR analysis (asymmetric C02 stretch 1610 cm', acetyl groups having been removed by the previous alkaline extraction). The conditions were therefore changed to maximize A3-elimination and extract the pectins in fragments. A two-stage procedure was required since the ratio of (-elimination to de-esterification is greatest at slightly acid pH, and higher pH levels are needed (8) , and uronic acid by a modified carbazole-H2SO4 method, calibrated with galacturonic acid and galactose and cross-corrected for mutual interference (19) . The correction factor for arabinose was similar to that for galactose, and these two sugars dominated the neutral portion of most of the extracted pectins. The carbazole-H2SO4 method in the form used here was more subject to interference from neutral carbohydrate and excessive quantities of phenolic pigments than was the m-phenylphenol-H2SO4 method (3). The latter method was therefore also used for the HCI-CDTA extracts, where these interferences were expected to be most severe. Interference from neutral carbohydrate in the m-phenylphenol-H2SO4 determination was not quite negligible, and cross-corrections were performed as for the carbazole-H2SO4 determination. The results obtained by the two methods were similar and well correlated (r = 0.97). The carbazole-H2SO4 method was used in preference as it gave lower standard errors except when there was much more neutral carbohydrate than uronic acid present. To obtain low blanks it was necessary to select the H2SO4 with care, but no one source was consistently better than another. Figure 1 summarizes how the total uronic acid, galacturonan, and acetate/CDTA-extractable pectin were obtained from the cell walls. The quantity of each of these three potential indicators of pectin content in nonlignified cell walls from 33 monocot and two dicot species is shown in Table II .
RESULTS
In most species, the greater part (mean 85%) ofthe total uronic acid was recovered as polymers precipitated in 83% methanol. Table II shows these as "galacturonan." On electrophoresis this fraction from every species gave a band that had similar mobility to citrus galacturonan, usually with slight tailing toward the cathode. After degradation with purified Lycopersicon endopolygalacturonase, these bands were eliminated, as was the citrus galacturonan itself when digested under the same conditions. They remained detectable in control digests without enzyme. Thus, the "galacturonan" fraction had the electrophoretic mobility and polygalacturonase susceptibility expected of an a-(1,4')-D-galacturonan. From Luzula sylvatica and Tradescantia blossfeldiana, there was a small amount of additional carbohydrate of low electrophoretic mobility that survived enzymic degradation, possibly hemicellulose.
Cold alkaline CDTA solubilized a variable, and sometimes very small, proportion of the total uronic acid from the monocot cell walls (results not shown). In particular the aquatic monocots Lemna gibba and Zostera marina yielded only 8 mg/g and 6 mg/g of uronic acid soluble under these conditions. Sequential ,8-elimination in hot buffer followed by alkaline CDTA extraction, however, brought into solution a much higher proportion ofthe total uronic acid, essentially all of it in some species (Table  II) . The neutral carbohydrate in these extracts averaged 52% of the uronic acid and was considered as being pectic, although hemicellulose contamination may have been significant in a few species like Restio subverticillatus in which the pectic content was close to zero.
When citrus galacturonan was carried through the three main extraction procedures used (i.e. excluding cold alkaline CDTA), the recovery was 101% for total uronic acid (with the 3% of neutral residues present), 106% for galacturonan, and 102% for acetate/CDTA-extracted pectin.
DISCUSSION
The method used to prepare the cell walls (20) Analytical scheme for extraction of total uronic acid, galacturonan, and acetate/CDTA pectin from cell walls. Uronic acid and neutral carbohydrate in these extracts were determined colorimetrically. See "Materials and Methods" for details. for Moisture Content Total uronic acid was determined colorimetrically in extracts prepared by mild hydrolysis with HC1 followed by solubilization in KOH/CDTA. Galacturonan was purified from these extracts by precipitation in 83% methanol and was characterized by electrophoresis and degradation with polygalacturonase. Pectin with rhamnogalacturonan segments and side chains still attached was extracted by ,B-elimination in acetate buffer followed by extraction with alkaline CDTA, and its acidic and neutral residues and their ratio were determined colorimetrically. For details see "Materials and Methods."
Pectin (26) . Three different parameters presented here could in principle be taken as indicators of the pectin content ofthe cell walls: total uronic acid, galacturonan, or acetate/CDTA-extracted pectin. The galacturonan fraction was quantitatively the major core chain of the pectic polymers as defined here, since for almost all species it made up most of the total uronic acid. It was characterized, by electrophoresis and susceptibility to purified polygalacturonase, as an a-( 1,4')-linked D-galacturonate polymer (homogalacturonan). Its solubility properties showed that it was polymeric. A galacturonan isolated under somewhat more severe hydrolytic conditions had a degree of polymerization > 100 (4) .
Since the galacturonan was both precisely defined and precisely quantifiable, it was the most suitable basis for taxonomic comparisons. Figure 2 shows high, medium, and low galacturonan contents superimposed on the conventional taxonomic classification of Dahlgren (6 (14, 22) , and partly hemicellulosic in some species (glucuronic or 4-0-methyl glucuronic acid attached to xylose). This is why the total uronic acid content itself was not used as an indicator of pectin content. (b) The acetate/CDTA-extracted pectin may be unrepresentative of the total. The proportion of neutral residues is sometimes greater in pectic fractions that are difficult to extract (15) . When combined, these errors would be small where most of the total uronic acid was recovered as galacturonan and as pectin but could reach 10% or more where the recovery of either was low. Total pectin contents calculated in this way are therefore not presented, but they could be divided into low, medium, and high bands to give a classification almost identical with that in Figure 2 , the only differences being that Pandanus utilis and Cocos nucifera would be moved into the "medium" band. Indeed the choice ofcriterion for pectic content makes little difference to the species ranking; even total uronic acid gives a very similar pattern.
The results presented here are not in conflict with recent taxonomic classifications of the monocots (6, 7) . Low galacturonan contents were confined to the cell walls of the grasses and cereals, the sedges, rushes and woodrushes, and the related Southern hemisphere Restio; the two palm species gave different results, perhaps because the date fruit and the coconut leaf were used. Intermediate galacturonan levels were found mainly in taxa thought to be close to these, like Tradescantia and Ananas (pineapple).
A more detailed classification of the monocots based on their cell walls awaits comprehensive information on the structure of their pectic side chains and hemicelluloses, but if lack of pectin does indeed make it difficult for Agrobacterium tumefaciens to attach to monocot cell surfaces, this difficulty is probably confined to the Gramineae (Poaceae) and their close relatives.
